Aim: The aim of this study was to describe the longitudinal changes in facial morphology, dental arch alterations and oral functional capacities that occur in growing patients with Duchenne muscular dystrophy (DMD) in order to identify the effects of the progression of the disease. Subjects and Methods: Twelve DMD patients (6.5-17.5 years of age) and 12 matched controls were screened on two different occasions (T1 and T2), 2 years apart. Dental casts, lateral cephalometric radiographs, maximal posterior bite force and labial force were measured to determine changes in their functional capacities and dentofacial morphology. Furthermore, the thickness and echogenicity of the masseter muscle were measured during clenching. Statistical evaluation: Unpaired t-tests were performed to evaluate the differences between the DMD patients and their healthy matched controls; paired t-tests were used to assess the changes that occurred within each group between T1 and T2. Results: Between T1 and T2 the following changes were observed: widening of the lower dental arch for the DMD patients of 2.6mm (±0.9mm) compared to a slight reduction of −0.1mm (±0.8mm) for the control group (P = 0.001). We found a statistically significant reduction of the sagittal skeletal intermaxillary relationship (ANB-angle) of 2.0° (±2.0°) in the DMD group (P = 0.012). In T1 and T2, the maximal posterior bite force and the labial force were lower for the DMD patients compared to the control group (P = 0.001), who showed an increase during this period.
Introduction
Duchenne muscular dystrophy (DMD) is an inherited X-linked neuromuscular disease, characterized by progressive muscle degeneration and weakness. DMD is caused by mutations in the DMD gene to muscle degeneration remains unclear. However, cytoskeletal disruption, sarcolemma instability and abnormal calcium homeostasis are thought to be responsible for the disease (1) . The resultant muscle degeneration and inflammatory response produce a cellular environment with proliferating adipocytes and fibroblasts (2) . Normally, the absence of dystrophin protein expression is confirmed by muscle biopsy and a blood sample is always necessary to confirm the genetic diagnosis (3) . The disease primarily affects boys, but in extreme rare cases it can also affect girls.
A recent systematic review identified the prevalence of neuromuscular disorders for the general population. They found a prevalence of Duchenne muscular dystrophy of 1.7-4.2 per 100 000, making it one of the most common types of neuromuscular disorders (4) .
Duchenne muscular dystrophy has a primarily distal distribution; it first affects hands, forearms, lower legs, and the muscles of the jaws, neck, face, and eyelids. The course of the disease and the development of severe muscle weakness vary among individuals.
The first clinical symptoms occur at around 2-6 years of age, when the subject's physical abilities begin to diverge from children of the same age. Initial symptoms include delayed walking, difficulties with running or climbing stairs and more frequent falls. A typical observation is Gowers' sign. The sign describes a patient who has to use their hands and arms to 'walk' up his or her own body from a squatting position due to lack of hip and thigh muscle strength. Muscle strength deteriorates, leading to the use of a wheelchair as from around 10 years of age (5) . By the early teens, heart and respiratory muscles are affected and patients succumb to cardiac or respiratory failure (6) .
The management of patients with DMD is multidisciplinary and includes symptomatic and rehabilitative management, surveillance, treatment of expected complications, and the use of corticosteroids (7). Passamano et al. (8) found an improvement of survival due to a more comprehensive therapeutic approach especially with mechanical ventilatory support. Nowadays, with specific and improved symptomatic treatment and advances in cardiac and respiratory care, life expectancy is increasing such that DMD patients reach the age of 25 or even 30. As observed in previous studies, Duchenne muscular dystrophy also affects orofacial muscles and influences orofacial function (9) (10) (11) (12) . There is a high prevalence of malocclusions in DMD patients, such as anterior and lateral open bites as well as posterior crossbites due to increased transversal expansion of the lower compared to the upper dental arch. Maximal posterior bite force in these patients is significantly lower than in controls. As the disease progresses with the age of the individuals, this may also increasingly influence orofacial functional capacities (9) as well as the oropharyngeal phase of swallowing (13) .
There are several studies observing dentofacial morphology and functional characteristics in DMD patients. However, apart from the descriptive value of the morphologic aberrations, there was no possibility to search for etiologic factors that cause the specific dentofacial changes in DMD patients, since most of the studies are cross-sectional, observing different patients at different ages. It is important to have a prospective longitudinal study (14) to record the alterations in the oral musculature and dentofacial changes.
Our hypothesis is that the alterations of dentofacial morphology in DMD patients appear progressively with the deterioration of functional capacities of the orofacial muscles as expressed by the maximal bite force and lip force.
The aim of this study was to describe the longitudinal changes in facial morphology, dental arch alterations, and oral functional capacities that occur in growing patients with Duchenne Muscular Dystrophy (DMD) in order to identify the effects of the progress of the disease.
Subjects and methods

Subjects
A cohort study design was used. In the previous study of MorelVerdebout et al. (9) , 16 patients were selected from a set of 24 DMD patients, registered at the university hospitals of Geneva and Lausanne, as they fulfilled the inclusion criteria. Twelve of these patients were re-examined at least 2 years later for a follow-up registration. Three out of the four dropouts were the eldest patients in this group and were seriously influenced by the disease. One refused to participate in further examinations. At the first appointment, the mean age of the DMD patients was 11 years (range: 6.5-17.5).
Out of the 16 subjects in the control group, the 12 age-matched healthy male controls were examined longitudinally at least 2 years later. The 12 age-matched controls presented no immediate need for orthodontic treatment and had no treatment during the 2 years of observation. All 24 subjects gave their informed consent according to the requirements of ethical committees of the University of Geneva and Lausanne.
The patients were selected in the first study based on two criteria: (i) they had to be between 6 and 20 years of age and (ii) they had to give their informed consent according to the requirements of ethical committees of both universities (9) .
Concerning the control group, they had the same examination as DMD patients, except for radiographs, so as to meet the demands of the ethical committees.
To compensate for the disadvantages of having no control group for cephalometric values, comparisons were undertaken with agematched norms of measurements found in the literature (15, 16) .
Methods
All participants in the DMD and the control groups underwent a clinical examination of the masticatory system, impressions of the upper and lower teeth, bite registration and lateral cephalograms (only for DMD patients) were taken. Furthermore, in the same appointment posterior maximum voluntary bite force and labial force were measured and ultrasound images of the masseter muscle were taken under standardized conditions. All these investigations were done at T1 (first appointment) and T2 (second appointment, approximately 2 years later).
Health status
For the DMD group, patients and parents were asked about the date at which they were first unable to walk and when there was a need for a wheelchair and furthermore when this wheelchair needed to be fitted with a head rest. Similar to the subdivision in the study of van Bruggen (17)-a more compact division of the original scale developed by Busby (5)-patients were divided into three stages based on their ambulatory stage:
1. able to walk. 2. no longer able to walk, need for a wheelchair, but capable of maintaining head posture. 3. need for a wheelchair with a headrest, increasingly limited upper limb function.
Dental casts
Impressions and occlusal wax bites were taken in order to construct dental casts for the analysis of the following occlusal traits at T1 and T2: angle classification, which was evaluated on the first permanent molars when applicable and converted to a continuous value from −100 per cent (full Class III) to +100 per cent (full Class II), with increments of 25 per cent as described by Staudt and Kiliaridis (18) , overjet, overbite, and evaluation of space conditions, using the values of Droschl et al. (19) for the mixed dentition when necessary. The width of the upper and lower dental arches was recorded measuring the intercanine, interpremolar (first premolar), and intermolar (first molar) distances at T1 and T2 with an electronic caliper (Fino caliper digital, Bad Bocklet, Germany) with an accuracy of 0.01 mm, on calibrated photocopies. To determine the geometric centre of the crown, the centroids were used according to McLean and Nelson (20) . Several studies have used photocopies of plaster models which provide reliable reproductions of the dental arches for obtaining transversal intra-arch measurements (21, 22) , and the depth measurements were easier to perform on photocopies than on plaster models, the depth of both dental arches was determined by the length of the segment passing through the contact point of the incisors perpendicular to the line passing through the distal contact point of both the first premolars and the canines, respectively (Figures 1 and 2 ).
Lateral cephalograms
Lateral cephalograms of the DMD patients were taken at T1 and T2 to study the changes in craniofacial morphology. The evaluation of the cephalometric characteristics was based on the Bergen analysis (23), described in more detail in the previous article by MorelVerdebout et al. (9) .
Having no radiographs of the control group, the observed cephalometric changes of the patients were compared with the normal values of a sample of healthy individuals with different ages. In order to handle the age variation in our patient group, the absolute measurements of each DMD patient were transformed to a score of standard deviations, based on normal values of a group of healthy individuals of the same age (Riolo et al.) , as it will be described below (16) .
Maximal bite force
Bilateral maximal posterior bite force at the molar region was measured. The measurement was undertaken using a custom made strain gauge with a total thickness of 15 mm. The subject was asked to bite as hard as possible. Each measurement was repeated three times and the largest values were used according to Kiliaridis et al. (24) . The mean of left and right posterior bite forces was pooled together as posterior bite force.
Labial force
To measure the strength of the lips, the patients were positioned with their head in a natural position. A button attached to a dynamometer was placed behind the lips and was gently pulled outwards. The maximum force of resistance above which the lips could no longer hold back the button was determined as the labial force. All measurements were repeated three times and the maximal force level was used (25) .
Ultrasound measurement of Masseter thickness and muscle echo intensity
A transducer of 8.5 MHz (100 Falco, Pie Medical, the Netherlands) was used to record the cross section of the masseter muscle and evaluate the echo intensity of the muscle. All measurements of the masseter thickness and the evaluation of the quality of the masseter were performed by the same examiner on each side during clenching and relaxation giving a total of 8 recordings (S.K.) ( Figure 3 ).
For the quantitative evaluation, the thickness of the masseter was measured for each recorded image directly on the screen using an inbuilt measuring tool and was determined as the distance in millimeters from the outer fascia of the masseter muscle to the underlying bone surface based on the method of Kiliaridis and Kalebo (26) . They found that ultrasonography is a reliable and accurate method for the study of masseter muscle thickness but also is a viable method to evaluate structural alterations in the muscles (26) (27) (28) . During recording, the transducer was orientated perpendicular to the ramus, since oblique scanning exaggerates the thickness of the muscle. Therefore, the angle of scanning was altered until the best echo of the mandibular ramus was achieved. The measurement site was at the thickest part of the masseter close to the level of the occlusal plane, halfway between the zygomatic arch and gonial angle, and approximately at the centre of the mediolateral distance of the ramus. The masseter muscle thickness was measured both under contraction and relaxation. The imaging and measurements were performed twice and the thickness per side was calculated as the mean of the two measurements. For each individual, the mean thickness of the left and right side was used.
For the qualitative evaluation, the internal masseter muscle structure quality was evaluated by visualizing all images of the same subject. In the control subjects with healthy muscle tissue, there is a clear visualization of bone and fascia and tendinous structures, which are sharply visible with no echoes from the muscle tissue. In DMD patients, there is an increase in the intensity of echoes reflected from the muscle mass, reducing the bone echo. To evaluate the severity of the muscle echogenicity the following three characteristics were evaluated using a four-point scale from 0 to 3, described in Kiliaridis et al. (27) , based on Heckmatts criteria (29):
(i) Possibility to discern tendinous structures and fasciae (ii) Intramuscular echo intensity (iii) Possibility to discern ramus Grade 0 is for ill-defined tendinous structures and fasciae, low echo intensity and poorly visible bone surface through to grade 3 for normal muscle and bone appearance.
Statistics
Descriptive statistics (means, standard deviations) were calculated for all values measured on the casts, on the cephalograms and for bite force and labial force at T1 and T2. Changes during observation (T2-T1) were evaluated, and paired t-tests were used to assess statistical significance within each group. A comparison of changes between the DMD and the control groups was carried out using unpaired t-tests. For dichotomous variables chi-square tests were used.
Due to the big age variation in the patient group, all angular measurements of the cephalometric analysis were evaluated using a score value. The absolute measurements of each individual were transformed to a score of standard deviations of the equivalent normal values of a group of healthy individuals of the same age from the literature (16), using the following formula:
where Y(pat) is the measurement of the patient, and X(n) the mean value and SD (n) the Standard Deviation of the « norms from the literature » relative to the age of the patient.
The cephalometric changes during T1-T2 were evaluated on the radiographs of DMD patients and compared with values of Riolo (age matched), performing paired t-tests to assess the statistical significance of the changes occurring during the observation period.
Significance for all statistical tests was predetermined at P < 0.05. All analyses were conducted using SPSS software (version 22, IBM, Armonk, NY).
Error of the method
The error of the method was carried out in order to calculate the random error of the method. All measurements were repeated within a month. Dahlberg's formula was used in order to calculate the error: D = √ (Σd 2 /2N) (d: difference between first and second measure-N: sample size which was re-measured) (30) 
The error for masseter muscle thickness did not exceed 0.3 mm in relaxation and 0.2 mm during contraction. Systematic errors were estimated with paired t-test, P < 0.05 (31) . No systematic error was found between the two occasions.
Results
Health status
At T1, three out of 12 patients were still able to walk (stage 1), five patients needed a normal wheelchair (stage 2), and a headrest was necessary for the remaining four patients (stage 3). At T2, all patients were no longer able to walk, five patients were in stage 2, and seven patients in stage 3.
Dental casts
The analysis of the dental casts of both the first and the second appointments showed a higher frequency of malocclusions in the DMD patients than in the control group.
The chi-square test indicated a significantly higher prevalence of anterior and lateral open bites and posterior crossbites at T1 and T2 in DMD patients compared to the healthy control group (Tables 1 and 2 ). The overbite was smaller at T1 and T2 in DMD patients compared to the control group confirming the higher frequency of anterior open bite in the patient group (Table 3 ). The changes in overjet, space conditions in the upper and lower jaws, and molar relationship did not reach a statistically significant level. Most significant changes between T1 and T2 were seen in the transverse dimension. We found significant expansion from T1 to T2 in DMD patients in the lower molar, premolar and canine width as well as in the upper molar and premolar widths. Compared to their matched controls we found an increase in lower molar, premolar and canine width ( Table 4) .
The individual transverse changes in the lower intermolar width in DMD patients and their matched controls are presented in Figure 4 . The figure visualizes the growing divergency of the lower molar width between DMD patients and the control group.
Cephalometric characteristics and skeletal changes during observation time
The changes of the absolute cephalometric values were transformed to changes in the scores of standard deviations in order to take into account the alterations that occur in normal subjects. The scored values of the measured angles showed significant changes between T1 and T2 for the ANB angle that decreased and the cranial base angle NSBa, which increased. SNB increased but did not reach a statistically significant level (Table 5 ).
Maximal bite force and labial force
Maximal posterior bite force was smaller at T1 and T2 in DMD patients when compared to their controls. Labial force was significantly smaller for DMD patients than for the control group. Healthy individuals had an increase in labial force between T1 and T2, which was not the case in the DMD group (Table 6 ). This pattern also characterized the maximal bite force, although it did not reach the statistical significance (P = 0.06).
Muscle echo intensity and masseter thickness
In all healthy controls, a Grade 3 was given for the internal masseter muscle structure quality. Three out of 12 DMD patients had a Grade 3 at T1, whereas at T2 only one patient showed a healthy internal muscle structure ( Figure 5 ). As we found comparable results measuring the thickness of the masseter at rest and in clenching, we focused on the results of the thickness during clenching, as the error of the method was lower, in order to decrease the number of statistical tests to avoid type I errors. Measurements of the masseter clenching thickness at T1 and T2 were not statistically different between the DMD patients and controls. There was only a significant increase in the thickness from T1 to T2 in the control group, though this was not the case for the DMD patients (Table 6 ). It is worth noticing that the coefficient of variation (c v = SD/x; SD: standard deviation, x: mean) at T1 (c v1 ) and T2 (c v2 ) for the masseter clenching thickness was bigger for DMD patients (c v1 = 0.26, c v2 = 0.29) than for the control group (c v1 = 0.10, c v2 = 0.12), indicating a higher variability of masseter thickness in DMD patients than the one in healthy controls.
Discussion
The results of this longitudinal study confirm most of the findings of cross sectional studies indicating that DMD affects orofacial functional capacities and orofacial structures (13, 32, 33) . These studies describe that most of the parameters had deteriorated to a greater extent in older than in younger patients and identify a high prevalence of lateral and anterior open bites with decreased overjet as well as posterior crossbites. We found that in DMD patients most of the observed dentofacial parameters deteriorated during a two year period. Furthermore we observed significant skeletal sagittal changes towards a Class III tendency, but no significant skeletal changes could be observed in the vertical dimension although the overbite decreased.
The deterioration in orofacial findings coincided with that of the general health of the patients. At T1, 25 per cent of the patients were able to walk, 42 per cent were in a normal wheelchair, and 33 per cent needed a headrest. There was a marked decline during the observation period since at T2 all were no longer able to walk, 42 per cent used a wheelchair (stage 2), whereas already 58 per cent used a wheelchair with a head support. We can assume that the deterioration in orofacial functional capacities in DMD patients can be an etiological factor causing these severe malocclusions. Most probably, the increased volume of the tongue reported by van den EngelHoek et al. (13, 34) and observed in most of our patients seems to interfere with the lingual surfaces of posterior teeth, leading to an increased inter-molar distance, more in the lower than in the upper Chi-square tests were performed to find significant differences between the DMD patients and the control group. The mean and standard deviation (SD) for DMD patients and controls at T1 and T2 and the inter-and intragroup changes from T1 to T2. None of the T2 − T1 differences reached a statistical significant level.
*P value of the difference between DMD patients and the control group. Chi-square tests were performed to find significant differences between the DMD patients and the control group.
arch, resulting in a lateral crossbite. Similarly, the increased tongue volume may cause occlusal interposition between the posterior teeth resulting in an open bite. However, the small size of our sample and the big range in age cause limitations in using regression analysis to detect relationships with possible etiologic factors. Type II errors in our results due to the limited number of subjects may have hindered the disclosure of statistical significant differences in the overjet, the frequency of class III relationship, and the SNB-angle. But, DMD is a rare disease and the number of available patients is often limited, which may be further reduced during longitudinal studies.
Concerning the dental relationships, a very high frequency of malocclusions was already found in DMD patients during the first examination, namely anterior open bite, lateral open bite, and posterior crossbite which is in line with many other previous studies (32, 35, 36) . In the vertical dimension, we observed an increase in lateral open bite after 2 years probably due to the position of the enlarged tongue between the upper and lower jaws as described already by Matsumoto et al. (32) . In the transverse dimension, our results indicate a significant increase in most of the dental arch parameters measured. The greatest mean expansion was observed at the level of the first lower molars, explaining the development of posterior crossbites. There was also an increase in lower premolar width and lower Table 4 . Intermolar width (w6sup/w6inf), interpremolar width (w4sup/w4inf), and intercanine width (w3sup/w3inf) in the superior and inferior arch and depth of the first bicuspid in the superior and inferior arch (d4sup/d4inf) in DMD patients and controls (CTR) as well as the changes between the groups (DMD and CTR) and in between each group (T1/T2). intercanine distance. During the observation period, less expansion occurred in the upper dental arch than in the lower. Furthermore, in most of the patients and primarily the older, the posterior teeth were displaced buccally giving a more hyperbolic rather than a normal parabolic arch form. These findings confirm the observations of Matsumoto et al. and van den Engel-Hoek et al. and have possibly been caused by the increased volume of the tongue (13, 32, 34) . In our control group of healthy subjects, the arch width and depth did not change in correspondence with the literature (37). The control group was selected consecutively and matched for age to the DMD patients. Subjects were chosen within the framework of the annual school dental examination in Geneva and had no immediate need for orthodontic treatment. The prevalence of malocclusion in the control group corresponds to the prevalence of malocclusions in the general population (38) . Studying control individuals without malocclusion may have increased the possibilities to find more differences between controls and DMD-patients. However, these differences would not be due to the disease but due to the inclusion of the malocclusions that normally exists among healthy individuals.
Regarding the skeletal changes in the sagittal dimension, we found a decrease of the ANB angle, which explains the findings of another study that detected a significantly smaller ANB angle in DMD patients than in the controls (32) .
The sagittal development towards a skeletal Class III relation was observed despite the increase of the cranial base angle (NSBa) that could counterbalance this skeletal expression (39) . It seems that the mandible grows in an anterior direction more than it does in controls. These morphological changes could be explained by the hypertrophy of the tongue and change in the head posture, which are likely to be involved in morphological changes in the head and neck region (40) .
Our findings could not confirm those of Matsuyuki et al. who found a posterior rotation of the mandible and the dolichofacial morphology with an increased mandibular angle at the age of 10 years, whereas this direction changed around the age of 16 to an anterior direction (41) .
For the vertical dimension, DMD patients in our study had no skeletal vertical aberrations or changes during the observation period neither in the younger nor elder patients. Although there was a high prevalence of anterior and lateral open bites, there seemed to be no vertical The scored values were calculated using the following formula: Y = Y(pat) -X (n)/SD (n), where Y(pat) is the measurement of the patient, and X (n) the mean value and SD (n) the standard deviation of the « norms from the literature » relative to the age of the patient. The changes of the scores were calculated and analysed for significance with paired t-tests.
SNA Regarding orofacial functional capacities, a lower posterior bite force was already present in the very young DMD patients, still in an ambulatory stage, when compared to controls. This difference with healthy controls increased during the 2 years follow-up period. During the observation period, the posterior bite force decreased in DMD patients but increased in healthy controls. Furthermore, the labial force was lower in DMD patients at T1 and T2 but remained constant in DMD patients and increased in controls. The decreasing bite force, which is consistent with another previous studies (17) , is possibly due to the deterioration of the internal muscle structure of the masseter muscle tissue. This may be related to the lower echogenicity grade values in T2 when compared to T1, which probably also explained reduced skeletal muscle strength (42) .
It has been shown that the thickness of the healthy masseter muscle correlates to the magnitude of the bite force (27, 43) . Despite the decrease in maximal bite force in DMD patients, there was no decrease in thickness of the masseter muscle between T1 and T2. The above oxymoron can be explained by the replacement of muscle contractile tissue by adipose and connective tissue. Mastication training as described by van Bruggen et al. may reduce the deterioration rate of masticatory muscle mass (44) . Maintaining acceptable inter-arch relationship with proper occlusal contacts as well as sufficient muscular function for as long as possible would probably help to maintain a better quality of life for DMD patients.
Further studies including a bigger sample of DMD patients could provide possibilities to evaluate changes in dentofacial morphology and orofacial functional capacities in subgroups of different ages and identify when most of the changes may take place and also to assess the possible benefits of mastication training or other types of treatments.
Conclusion
The results presented here indicate that DMD influences facial morphology, dental arch dimensions and oral functional capacities already at early stages of the disease. The longitudinal perspective of this study revealed that the worsening of most of the measured parameters is associated with the progression of the disease. In all patients, we found a marked transverse increase posteriorly, more in the lower than in the upper dental arches, resulting in the development of posterior crossbites. There was also a tendency towards a skeletal Class III relationship, but no vertical skeletal changes were observed. The functional capacities of orofacial muscles as expressed in bite and lip force were significantly reduced in DMD patients, with a qualitative reduction of the echogenicity.
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